A mutation abolishing cytosolic glutamine synthetase1;2 (GS1;2) activity impairs assimilation of ammonium into glutamine in both roots and basal portions of shoots, and severely decreases axillary bud outgrowth (tillering) in mutant rice seedlings. Although the gs1;2 mutant phenotype is independent of strigolactone, which inhibits tillering, it also demonstrates glutamine-or related metabolite-responsive biosynthesis of cytokinin (CK), which promotes tillering. Here, we examined the connection between GS1;2 and CK biosynthesis during tillering, focusing on basal portions of the shoots as well as apical and axillary bud meristems in the gs1;2 mutant. Despite a sufficient ammonium supply, decreases in precursor CK contents and a decrease in ammonium assimilation into glutamine were observed in basal portions of mutant shoots. Reintroducing expression of OsGS1;2 cDNA driven by its own promoter restored precursor CK contents and ammonium assimilation to wild-type levels. In basal portions of the shoots, glutamine-responsive adenosine phosphate-isopentenyltransferase4 (OsIPT4), which is also predominant in rice roots, was the predominant isogene for IPT, which synthesizes CK. Cell-specific expression of OsIPT4 in phloem companion cells in nodal vascular anastomoses connected to the axillary bud vasculature also decreased in the gs1;2 mutant. Expression of CK-responsive type-A response regulator genes as local indicators of active CKs was also abolished in the axillary bud meristem of the mutant. These results suggest that the lack of GS1;2 activity decreased levels of glutamine or a related metabolite required for CK biosynthesis, causing a deficiency in active CK in the axillary bud meristem necessary for tillering.
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Introduction
Nitrogen is a major factor limiting plant development and productivity. Rice (Oryza sativa L.), one of the world's most important crops, is grown extensively in flooded paddy fields. Its development and productivity are determined by the efficiency of inorganic ammonium uptake and assimilation in roots and nitrogen recycling during natural senescence of aerial parts (Yamaya and Kusano 2014) . Glutamine synthetase (GS; EC 6.3.1.2) is a key enzyme of ammonium assimilation in plants, catalyzing ATP-dependent conversion of glutamate into glutamine using ammonium (Ireland and Lea 1999, Yamaya and Kusano 2014) . Most plants contain two isoenzymes of GS, cytosolic GS1 and chloroplastic/plastidic GS2 (Ireland and Lea 1999) . GS2, the major isoenzyme in leaves, is responsible for reassimilation of leaf photorespiratory ammonia (Wallsgrove et al. 1987 ), while GS1 is necessary for normal growth and development (Ireland and Lea 1999 , Yamaya and Oaks 2004 , Tabuchi et al. 2007 ). In general, plants possess a small gene family encoding 2-6 GS1 isoenzymes (Ireland and Lea 1999) ; however, the function of each GS1 is not yet fully understood, except in rice (Yamaya and Kusano 2014) . Three genes encoding GS1 have been identified in rice, OsGS1;1, OsGS1;2 and OsGS1;3 (Tabuchi et al. 2007) , and reverse genetics studies have revealed distinct functions of the proteins encoded by OsGS1;1 and OsGS1;2. GS1;1 appears to play a role in nitrogen recycling during the natural senescence of leaves (Tabuchi et al. 2005) . Upon supply of ammonium, OsGS1;2 is expressed mainly in epidermal and exodermal cells of rice roots (Ishiyama et al. 2004) , and weakly in leaf sheaths and blades (Tabuchi et al. 2007) . A rice mutant lacking GS1;2 activity exhibits impaired primary assimilation of ammonium into glutamine in the roots (Funayama et al. 2013) , reducing translocation of glutamine from the roots to the shoots and increasing ammonium in xylem sap.
The rice mutant lacking GS1;2 activity also shows a substantial reduction in the number of active tillers with panicles (Funayama et al. 2013) . Tiller number is a critical agronomic trait defining grain yield in rice (Sakamoto and Matsuoka 2008) . During vegetative growth, insufficient nitrogen results in a decrease in the number of active tillers (Mae 1997) , while sufficient nitrogen promotes tillering (Liu et al. 2011) . During tillering, an axillary bud meristem (AM) formed in the axil of each leaf generates an axillary bud, which then either actively develops into a tiller or becomes dormant (Kebrom et al. 2012) . Basal portions of rice shoots include internodes, axillary buds and the shoot apical meristem (SAM) (Hoshikawa 1989 ). OsGS1;2 is specifically expressed in phloem companion cells and parenchyma cells of nodal vascular anastomoses and large vascular bundles of both nodes and axillary buds (Ohashi et al. 2015b ). The vascular tissues in the basal portions of rice shoots are important for translocation of assimilation products from roots to either leaves or axillary buds. When grown under sufficient ammonium, the gs1;2 mutant exhibited decreased nitrogen and carbon contents, a reduction in lignin synthesis and decreased expression of the genes related to their metabolism in basal portions of the shoots, resulting in a substantial decrease in axillary bud elongation (Ohashi et al. 2015b ). The molecular mechanisms that determine axillary bud outgrowth are not well understood, but might be related to assimilate availability and hormone signaling networks (Domagalska and Leyser 2011, Evers et al. 2011) .
At least three classes of phytohormones, i.e. auxins, cytokinins (CKs) and strigolactones (SLs), are involved in the control of plant axillary bud outgrowth (Domagalska and Leyser 2011 , Müller and Leyser 2011 , Waldie et al. 2014 , Rameau et al. 2015 . Auxin, an inhibitor of axillary bud outgrowth, is synthesized in young leaves and transported basipetally in the polar auxin transport stream mediated by basally localized PIN FORMEDtype auxin efflux carriers (Leyser 2011) . Two models have been proposed for auxin-induced indirect inhibition of axillary bud outgrowth. First, the auxin transport canalization model suggests that for active development, a bud must export auxin into the main stem; however, high levels of auxin in the main stem prevent the bud from exporting auxin, resulting in bud inactivation (Domagalska and Leyser 2011, Müller and Leyser 2011) . Secondly, the second messenger model proposes that auxin in the main stem up-regulates SL or down-regulates CK biosynthetic genes through the AUXIN RESISTANCE PROTEIN1-AUXIN SIGNALING F-BOX PROTEIN-dependent pathway then, after moving into the bud, SL and CK inhibit or promote bud outgrowth, respectively (Domagalska and Leyser 2011 , Müller and Leyser 2011 , Waldie et al. 2014 . Root-borne SL and CK move acropetally and also affect bud outgrowth (Domagalska and Leyser 2011, Müller and Leyser 2011) . In pea, this regulation of outgrowth is thought to be mediated by the opposing effects of SL and CK on expression of BRANCHED1, a homolog of TEOSINTE BRANCHED1, CYCLOIDEA and PROLIFERATING CELL FACTORS 1 and 2 transcription factor genes (Braun et al. 2012 , Dun et al. 2012 .
Our previous study showed that decreased tillering in the gs1;2 mutant under sufficient ammonium was independent of ent-2 0 -epi-5-deoxystrigol, the representative SL (Ohashi et al. 2015b) . However, recent studies have indicated a link between nitrogen signaling and phytohormones such as auxin and CK during growth (Kiba et al. 2011 , Krouk 2016 . CK metabolism and signaling are also strongly related to nitrogen availability , Takei et al. 2001 , Miyawaki et al. 2004 , Takei et al. 2004 , which is thought to enhance CK content and the expression of CK biosynthetic genes in rice nodes (Xu et al. 2015) . Furthermore, glutamine-or related metabolite-dependent regulation of de novo CK synthesis was found in rice roots and inferred in the shoots via pharmacological analysis with methionine sulfoximine (MSX), a potent inhibitor of GS (Kamada-Nobusada et al. 2013) . This finding suggests a connection between GS and CK biosynthesis; however, the specific role of the GS1 isoform remains unknown. Nevertheless, it is reasonable to suggest that GS1;2, which is expressed in nodal and axillary bud vasculature (Ohashi et al. 2015b) , is associated with nitrogen-dependent modulation of CK activity via regulation of CK biosynthesis genes in rice nodes.
The vast majority of natural CK species in plants are N 6 -prenylated adenine derivatives. Common derivatives include N 6 -(Á 2 -isopentenyl)adenine (iP), trans-zeatin (tZ), cis-zeatin (cZ) and dihydrozeatin (DZ), which differ in the presence and stereoisomeric position of a hydroxyl group at the end of the prenyl side chain (Mok and Mok 2001, Sakakibara 2006) . These CKs occur as active free bases (iP, tZ, cZ and DZ), biosynthetic precursors (early ribotides: iPRPs, tZRPs, cZRPs and DZRPs; and subsequent ribosides: iPR, tZR, cZR and DZR) and inactive glycosides for storage (Osugi and Sakakibara 2015) . The initial step of de novo biosynthesis of iP-and tZ-type CKs is catalyzed by adenosine phosphate-isopentenyltransferase (IPT), to form iPRPs from dimethylallyl diphosphate and adenine nucleotides . Cyt P450 monooxygenase 735A (CYP735A) then hydroxylates the end of the iPRP prenyl side chain to produce tZRPs. The iPRPs and tZRPs are directly converted to their respective active forms, iP and tZ, by the phosphoribohydrolase LONELY GUY (LOG) (Kurakawa et al. 2007 ). These ribotides are also dephosphorylated to the ribosides iPR and tZR, and subsequently converted to active bases Kristopeit 1981a, Chen and Kristopeit 1981b) , although the corresponding genes for each enzyme in the pathway remain unknown.
To verify the connection between specific GS isoforms and CK biosynthesis during rice tillering, we analyzed the decrease in axillary bud outgrowth in gs1;2 mutant seedlings relative to CK levels under sufficient ammonium, focusing on basal portions of the shoot, SAM and AM, rather than the whole shoot. Hormonal quantification and in situ hybridization suggested that the lack of GS1;2 activity decreased levels of glutamine or a related metabolite required for CK biosynthesis, thereby causing a deficiency in active CK in the AM required for axillary bud outgrowth, thus decreasing tillering.
Results
Decreased availability of ammonium assimilation products in the gs1;2 mutant
The homozygous rice mutant gs1;2, generated by disrupting the OsGS1;2 gene via insertion of the endogenous retrotransposon Tos17 into exon 2, lacks GS1;2 protein and activity (Funayama et al. 2013) . When grown under sufficient ammonium (1 mM compared with 0.1 and 0.25 mM), the gs1;2 mutant exhibited a substantial decrease in axillary bud elongation (Supplementary Fig. S1 ; Ohashi et al. 2015b) ; therefore, 1 mM ammonium was used in this study. To verify whether the lack of GS1;2 also impairs ammonium assimilation in the basal portions of shoots, ammonium, glutamine, and asparagine, a major glutamine metabolite (Ireland and Lea 1999, Ohashi et al. 2015a) , were quantified in shoot basal portions of ammonium-fed gs1;2 mutant seedlings at the fourth-leaf stage. A significant increase in ammonium of approximately 4-fold and significant 2-fold reductions in glutamine and asparagine were observed in the gs1;2 mutant compared with wild-type rice (Fig. 1) . In contrast, there were no significant differences in the contents of ammonium and glutamine between the wild type and functional gs1;2/OsGS1;2 complementation line expressing OsGS1;2 cDNA driven by its own promoter (Funayama et al. 2013) (Fig. 1) , although a significant difference in asparagine was observed. Thus, the lack of GS1;2 activity reduced the availability of ammonium assimilation products such as glutamine in the basal portions of the shoots.
Reduced contents of CK precursors in the basal portions of shoots in the gs1;2 mutant Our previous study (Ohashi et al. 2015b ) revealed an SL-independent reduction in axillary bud outgrowth in gs1;2 mutant seedlings grown with ammonium. To determine whether other phytohormones are involved in expression of this phenotype, levels of phytohormones other than SLs, including CKs and auxins, were quantified in the roots, basal portions of the shoots and shoots of the gs1;2 mutant at the fifth-leaf stage supplied with ammonium. The gs1;2/OsGS1;2 complementation line and wild-type rice were used as controls.
Here, free base plus precursor CKs are collectively referred to as 'CK types'. In all ammonium-fed seedlings tested, major CKs in the basal portions of the shoots were iP and tZ types, and contents were much higher than in the roots and shoots ( Fig. 2A) . Compared with wild-type rice, the gs1;2 mutant exhibited a significant decrease in the content of tZ types in basal portions of the shoots, while the gs1;2/OsGS1;2 complementation line showed recovery ( Fig. 2A) . When supplied with ammonium, contents of iP-and tZ-type CK precursors (iPR, tZRPs and tZR) in basal portions of the gs1;2 mutant shoots were significantly lower than in the wild-type rice (Fig. 2B, upper graph) . Similarly, the amounts of tZRPs and tZR in the mutant shoots also decreased, and contents were much lower than in the basal parts (Fig. 2B , upper and middle graphs). In rice, iPand tZ-type CK precursors accumulate in response to nitrogen nutrition (Kamada-Nobusada et al. 2013) , and in the gs1;2/ OsGS1;2 complementation line, the above decreases recovered to wild-type levels (Fig. 2B , upper and middle graphs).
The cZ types were abundant in roots of all seedlings tested ( Fig. 2A ; Kamada-Nobusada et al. 2013 ); however, cZ activity is generally weak or equivalent to that of tZ only during the inhibition of seminal root elongation in rice (Kudo et al. 2012) . In all plant organs tested, we observed trace quantities of DZ types ( Fig. 2A) , the roles of which in plant development remain unclear (Zalabák et al. 2014) . Although contents of cZ and DZ types in basal portions of the shoots were lower in the gs1;2 mutant than in the wild type ( Fig. 2A) , there were no statistically significant differences in individual contents of their free bases or precursors between the gs1;2 mutant and control plants ( Supplementary Table S1 ). In addition, contents of individual CK-glycosides, except tZ-9-N-glucoside (tZ9G) A B C Fig. 1 Changes in contents of glutamine (Gln) (A), asparagine (Asn) (B) and ammonium (NH 4 + ) (C) in the basal portions of shoots of wild-type rice (WT), the OsGS1;2 knockout mutant (gs1;2) and the gs1;2/OsGS1;2 complementation line at the fourth-leaf stage. Seedlings were grown hydroponically in the presence of 1 mM NH 4 Cl. Mean values plus the SE of five independent plants are indicated. Different letters at the top of each column denote statistically significant differences in Gln, Asn or NH 4 + contents between the WT, gs1;2 and gs1;2/OsGS1;2 seedlings (P < 0.05 according to one-way ANOVA followed by the Bonferroni test).
(Supplementary Table S1 ), and total CK-glycosides ( Supplementary Fig. S2B ) were almost identical between the gs1;2 mutant and control plants. Thus, a lack of GS1;2 activity caused remarkable decreases in the contents of iP-and tZ-type CK precursors and thereby total CK types ( Supplementary Fig.  S2A ) in basal portions of the seedling shoots.
Contents of auxins (IAA and its derivatives), ABA and jasmonic acid were similar; however, the contents of gibberellin and salicylic acid (SA) differed between the gs1;2 mutant and control plants (Supplementary Table S1 ).
Reduced expression of the glutamine-inducible IPT gene in basal portions of gs1;2 mutant shoots Because the contents of iP-and tZ-type precursors showed a notable decrease in basal portions of the gs1;2 mutant shoots ( Fig. 2B) , expression levels of IPT and CYP735A genes were subsequently examined. Quantitative real-time PCR (qPCR) was used to examine basal portions of the shoots of ammonium-fed gs1;2 mutant and wild-type seedlings at the fourthleaf stage. Eight IPT genes (OsIPT1-OsIPT8) have been identified in the japonica rice cultivar 'Nipponbare' used in this study, seven of which, not including the non-functional OsIPT6, show differing organ specificity (Sakamoto et al. 2006 ). In the wild-type rice, transcripts of OsIPT4, OsIPT7 and OsIPT8 were detected in basal portions of the shoots, and expression levels of OsIPT4 were 5.7-and 4.5-fold higher than those of OsIPT7 and OsIPT8, respectively (Fig. 3A) . These findings suggest that OsIPT4 expression was predominant in these tissues. In tiller nodes of an indica cultivar under high levels of nitrogen, expression of OsIPT5 also increased (Xu et al. 2015) . However, of these IPT genes, only OsIPT4 expression was significantly altered (0.6-fold decrease) in basal portions of the gs1;2 mutant shoots compared with wild-type rice (Fig. 3A) . Of the genes encoding CK transhydroxylases (OsCYP735A3 and OsCYP735A4; Maruyama et al. 2014) , only OsCYP735A4 was expressed in basal portions of the wild-type shoots and, moreover, expression was similar to that in the gs1;2 mutant (Fig. 3B) . Thus, the lack of GS1;2 activity is also associated with a decrease in OsIPT4 expression in basal portions of mutant seedling shoots when grown with ammonium. , whole shoots and whole roots of wild-type rice (WT) (black columns), the gs1;2 mutant (gray columns) and gs1;2/OsGS1;2 complementation line (light gray columns) at the fifth-leaf stage. (A) The summation of contents of iP types (iP + iPR + iPRPs), tZ types (tZ + tZR + tZRPs), cZ types (cZ + cZR + cZRPs) and DZ types (DZ + DZR + DZRPs). (B) Contents of iP-and tZ-type cytokinins. Seedlings were grown hydroponically in the presence of 1 mM NH 4 Cl. Mean values plus the SE of four independent plants are indicated. Different letters at the top of each column denote statistically significant differences in cytokinin contents between the WT, gs1;2 and gs1;2/OsGS1;2 seedlings (P < 0.05 according to one-way ANOVA followed by the Bonferroni test).
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We further tested whether OsIPT4 is expressed in response to nitrogen supply in the basal portions of rice shoots. After depletion of nitrogen, the steady-state level of the OsIPT4 transcript was much more abundant in basal portions of the shoots compared with the roots and leaves of wild-type rice seedlings ( Supplementary Fig. S3 ). Furthermore, OsIPT4 expression in basal portions of the shoots increased markedly in nitrogen-depleted wild-type seedlings following resupply of ammonium, but was completely abolished in nitrogen-depleted gs1;2 mutant seedlings (Fig. 4A) . Ammonium-induced OsIPT4 expression was also observed in roots of nitrogen-depleted wild-type seedlings (Supplementary Fig. S4A ; Kamada-Nobusada et al. 2013 ). Kamada-Nobusada et al. (2013) also concluded that the signal for induction of OsIPT4 expression after ammonium supply could be glutamine or a related metabolite, since treatment of roots with MSX, a potent inhibitor of GS, abolished this induction. Following ammonium resupply to the roots, both the nitrogen-depleted mutant and wild-type seedlings accumulated glutamine in basal portions of the shoots; however, this increase was lower in the gs1;2 mutant (Fig. 4C) . In contrast, when grown with glutamine as the sole nitrogen source, OsIPT4 expression in the basal portions of the shoots occurred at a similar level in both the gs1;2 mutant and wild-type rice ( Supplementary Fig. S5A ). Collectively, these findings suggest that the low glutamine level resulting from a lack of GS1;2 activity induced a decrease in expression of glutamine-responsive OsIPT4 in the basal portions of the shoots, thereby decreasing the content of CK precursors. Fig. 3 . Mean values plus the SE of four independent plants are indicated. Asterisks denote statistically significant differences between plants treated with and without 1 mM NH 4 Cl (*P < 0.05 according to the Student's t-test).
Reduced expression of OsIPT4 in phloem companion cells of nodal vascular anastomoses in the gs1;2 mutant A previous study of transgenic rice carrying the OsIPT4 promoter--glucuronidase fusion gene revealed tissue-specific OsIPT4 promoter activity in the root vascular bundle and leaf phloem (Kamada-Nobusada et al. 2013 ). To determine cellular-level changes in OsIPT4 expression in basal portions of the gs1;2 mutant shoots, in situ hybridization using a specific probe for the OsIPT4 transcript was carried out with tissue sections prepared from ammonium-fed gs1;2 mutant and wild-type rice seedlings at the fourth-leaf stage. Signals of the OsIPT4 transcript were mainly detected in phloem companion cells of the nodal vascular anastomoses in both the gs1;2 mutant and wild type. However, the signal intensity was much lower in the mutant (Fig. 5A, B, D, E) , suggesting that low glutamine availability decreased OsIPT4 expression in these specific cells. Evidence that OsGS1;2 is expressed in these cells (Ohashi et al. 2015b ) further supports this hypothesis. When a control sense probe was used, only background levels of the OsIPT4 transcript were detected (Fig. 5C, F) .
Active CK deficiency in the AM of the gs1;2 mutant
In rice, maintenance of the SAM requires local activation of CKs in a restricted upper region of the SAM (Kurakawa et al. 2007 ). In situ hybridization with several CK-inducible type-A response regulator (RR) genes (Tsai et al. 2012 ) was therefore carried out to determine local levels of active CKs in the AM and SAM in basal portions of the shoots of ammonium-fed gs1;2 mutant and wild-type rice seedlings at the fourth-leaf stage, according to the method of Kurakawa et al. (2007) . OsRR1, OsRR2 and OsRR6 transcripts were abundant in the basal portions of wildtype shoots ( Supplementary Fig. S6 ), indicating local CK activation. We subsequently focused on OsRR1 and OsRR2, excluding OsRR6 due to its stress-inducible features (Jain et al. 2006 ). OsRR1 and OsRR2 transcript signals were detected in upper regions of the SAM in both the mutant and wild-type, and in upper regions of the AM of the wild type (Fig. 6A, B , E, I, J, M) but not the gs1;2 mutant (Fig. 6F, N) , indicating a local deficiency in active CKs. When sense probes were used, background levels of OsRR1 and OsRR2 transcript signals were observed in both the mutant and wild type (Fig. 6C, D 
, G, H, K, L, O, P).
Furthermore, exogenous addition at a concentration of 10 nM of free base (iP and tZ) and precursor CKs (iPR and tZR) as well as the synthetic and active CK 6-benzylaminopurine (BAP), with ammonium, to roots of the gs1;2 mutant from the third-leaf to the fifth-leaf stage partially recovered axillary bud elongation ( Supplementary Fig. S8B ). Lengths of axillary buds in the gs1;2 mutant after treatment with free base and precursor CKs were >3-fold that without CK treatment ( Supplementary Fig. S8B ). This suggests that exogenous CKs move from the roots via the vasculature to the AM, compensating somewhat for the loss of active CK in the AM. Thus, local CK activation did not occur in the AM of the gs1;2 mutant.
Discussion
The number of active tillers with panicles is an important agronomic trait defining grain yield in rice (Sakamoto and Matsuoka 2008) . The rice gs1;2 mutant, which lacks GS1;2 activity, exhibits a severe reduction in axillary bud outgrowth and the number of active tillers, even when grown with sufficient ammonium (Funayama et al. 2013 , Ohashi et al. 2015b ). Furthermore, this phenotype was found to be independent of SLs (Ohashi et al. 2015b ), which inhibit axillary bud outgrowth. However, the function of CKs, which activate axillary bud outgrowth, is thought to be linked to nitrogen availability (Sakakibara 2006 , Kamada-Nobusada et al. 2013 , Müller et al. 2015 . In this study, GS1;2-induced biosynthesis of CK, which is required for axillary bud outgrowth in rice seedlings, was found to be dependent upon glutamine or a related metabolite.
The absence of GS1;2 activity caused decreases in the contents of glutamine (Fig. 1A) and iP-and tZ-type precursor CKs (iPR, tZR and tZRPs; Fig. 2B ) in the basal portions of shoots of mutant rice seedlings grown with ammonium. Furthermore, expression of the predominant OsIPT4 gene, which is induced by glutamine or a related metabolite (Kamada-Nobusada et al. 2013) , was specifically reduced in phloem companion cells of nodal vascular anastomoses (Figs. 3A, 5A , B, D, E). IPT mediates the first step in de novo biosynthesis of iP-and tZ-type CKs (Sakakibara 2006) . In wild-type rice, precursors of these CKs and the OsIPT4 transcript were abundant in basal portions of the shoots compared with the roots and shoots (Figs. 2, 4 ; Supplementary Figs. S3, S4) . These results were further supported by a previous finding in pea, whereby local de novo biosynthesis of iP-and tZ-type CKs via specific induction of PsIPT1 and PsIPT2 in nodes was important for axillary bud outgrowth (Tanaka et al. 2006) .
In the basal portions of the shoots, OsGS1;2 is expressed in conduit tissues such as phloem companion cells and parenchyma cells of nodal vascular anastomoses and large vascular bundles of nodes and tillers (Ohashi et al. 2015b ). Overlapping expression of OsGS1;2 and OsIPT4 in phloem companion cells of nodal vascular anastomoses (Fig. 5A, D ; Ohashi et al. 2015b) possibly allows glutamine produced by GS1;2 to induce expression of OsIPT4 directly within these cells. On the other hand, since the other GS1 gene, OsGS1;1, is mainly expressed in sink tissues such as the SAM, AM and immature leaves (Ohashi et al. 2015b) , any GS1;1-induced effects of glutamine on OsIPT4 expression are perhaps indirect. The remaining OsIPT4 expression in phloem companion cells of nodal vascular anastomoses of the gs1;2 mutant grown with ammonium (Fig. 5B, E) seemed to respond to glutamine transported from the roots (Funayama et al. 2013) or produced by GS1;1 in basal parts. That is, levels of OsIPT4 expression in basal portions of the shoots of the ammonium-fed gs1;2 mutant (Figs. 3A, 4A) were only slightly higher than in corresponding tissue of nitrogen-depleted wild-type rice (Fig. 4A) . These findings suggest that sufficient expression of OsIPT4 in the phloem companion cells of nodal vascular anastomoses requires glutamine synthesis via GS1;2 in the same cells and probably neighboring parenchyma cells as well as root tissues. Ammonium generated by the phenylalanine ammonia lyase reaction in the early steps of lignin biosynthesis (Sakurai et al. 2001 , Ohashi et al. 2015b or ammonium transported from the roots to the shoots (Funayama et al. 2013 ) is possibly supplied to basal portions of the shoots, inducing synthesis of glutamine by GS1;2.
The marked decrease in phloem companion cell-specific expression of OsIPT4 in the nodal vascular anastomoses of the gs1;2 mutant (Fig. 5D, E) suggests that the initial step in the de novo biosynthesis of iP-and tZ-type CKs that depends upon glutamine or a related metabolite was reduced in these cells. The phloem companion cells of nodal vascular anastomoses are important for controlling transport of assimilates and solutes into tillers (Ohashi et al. 2015b ). However, the abolished expression of CK-inducible OsRR1 and OsRR2 in the upper region of the AM (Fig. 6F, N) and partial recovery of axillary bud elongation via exogenous supply of CKs to the roots ( Supplementary Fig. S8 ) in the gs1;2 mutant suggest that local activation of the CKs required to promote axillary bud elongation did not occur in the AM of the mutant. In rice, the CK-activating enzyme gene LOG is expressed in the restricted upper region of the AM (Kurakawa et al. 2007 ) and, unlike the OsIPT genes, is not notably nitrogen responsive (Ding et al. 2014) . These findings suggest that reduced CK biosynthesis in the phloem companion cells of nodal vascular anastomoses of the gs1;2 mutant probably caused decreases in the loading and transport of CK precursors necessary for reactions involving LOG in the AM. Thus, GS1;2 contributes to biosynthesis of CK, which is required for axillary bud outgrowth in rice seedlings and dependent upon glutamine or a related metabolite. In addition, although we did not examine the responses of other buds at the axils of other leaves to exogenous CKs and although the long-term effect of CK treatment on axillary bud elongation in the gs1;2 mutant remains unknown, the partial rescue of axillary bud elongation by exogenous CKs ( Supplementary  Fig. S8B ) seems largely due to insufficient nitrogen allocation to the axillary buds for full development. This was possibly due to reduced availability of nitrogen assimilation products as a result of impaired ammonium assimilation into glutamine in the gs1;2 mutant ( Fig. 1; Ohashi et al. 2015b) .
Recently, Kan et al. (2015) reported that 0.5 mM glutamine supply as the sole nitrogen source was sufficient for the normal growth of wild-type rice seedlings, while concentrations of >1 mM inhibited growth. We therefore examined the effect of 0.5 mM exogenous glutamine on OsIPT4 expression in the basal portions of shoots at the fourth-leaf stage and on axillary bud elongation at the fifth-leaf stage in the gs1;2 mutant and wild-type rice ( Supplementary Figs. S5, S7 ). Both the wild-type and gs1;2 mutant seedlings showed similar levels of OsIPT4 expression in basal portions of the shoots ( Supplementary Fig. S5A ). However, 0.5 mM glutamine resulted in reduced outgrowth of axillary buds in both seedlings ( Supplementary Fig. S7A ), even though shoot growth was normal ( Supplementary Fig. S7B ). This suggests that allocation of nitrogen to the axillary buds was perhaps insufficient for full development. We were therefore unable to confirm whether glutamine feeding restored normal outgrowth of axillary buds in the gs1;2 mutant. No significant differences in contents of iP-and tZ-type CKs in the roots or iP-type CKs and tZ in the shoots were observed between gs1;2 mutant and wild-type rice grown with ammonium (Fig. 2B) . OsIPT4 is expressed strongly in the root vasculature, but only weakly in leaf phloem (Kamada-Nobusada et al. 2013) . Decreased glutamine in the roots and xylem sap (Funayama et al. 2013 ) possibly affected OsIPT4 expression in the roots and shoots of the gs1;2 mutant grown with ammonium; however, Kamada-Nobusada et al. (2013) reported that repression of OsIPT4 expression affected translocation of CKs from the roots to the shoots via the xylem, but not CK contents in the roots or shoots of the rice seedlings. Thus, they proposed homeostatic regulation of CK metabolism, which might mask local concentration differences at the whole-organ level. Therefore, the same mode of regulation might also occur in roots and shoots of the gs1;2 mutant. In addition, a recent grafting study using wild-type Arabidopsis and a triple ipt3,5,7 mutant of the AtIPT3, AtIPT5 and AtIPT7 genes revealed that CK from the roots is influential in axillary bud outgrowth (Müller et al. 2015) . Thus, the lower contents of iP-and tZtype CK precursors (Fig. 2B) in the basal portions of the shoots is perhaps partly attributable to decreased CK synthesis in the roots of the ammonium-fed gs1;2 mutant.
Decreased contents of GA 19 and GA 53 , precursors of bioactive gibberellins (Yamaguchi 2008) , in the roots and basal portions of the shoots, respectively, and an increased SA content in the basal portions of the shoots were also observed in the gs1;2 mutant (Supplementary Table S1 ). However, gibberellins inhibit rice branching, as determined by the high degree of shoot branching in gibberellin-deficient rice mutants (Lo et al. 2008 , Rameau et al. 2015 . High levels of SA with enhanced biotic resistance and of CK with increased branching in tobacco overexpressing the rice Ras-related small GTP-binding protein 1 suggest co-regulation of CK levels by SA (Kamada et al. 1992 , Sano et al. 1994 , O'Brien and Benková 2013 . Thus, gibberellin and SA are unlikely to be associated with decreased axillary bud outgrowth in the gs1;2 mutant.
Transgenic rice lines with repressed OsIPT4 expression exhibit retarded shoot growth only during the early growth stage when grown with ammonium (Kamada-Nobusada et al. 2013) . In contrast, axillary bud outgrowth and the number of tillers decreased in the gs1;2 mutant grown with ammonium (Ohashi et al. 2015b) . Plant height during the vegetative stage and the number of active tillers with panicles at the reproductive stage also decreased in the gs1;2 mutant compared with wild-type rice (Funayama et al. 2013 ). This phenotype suggests that factors other than CKs are associated with the decrease in axillary bud outgrowth in the ammonium-fed gs1;2 mutant. Because the gs1;2 mutant showed disturbed nitrogen and carbon metabolism in basal portions of the shoots (Ohashi et al. 2015b) , further studies of carbon metabolism are required to improve our understanding of the physiological function of GS1;2 during tiller development.
CK is required for proper AM formation as well as promoting outgrowth of the buds once formed (Müller et al. 2015) . It is therefore possible that the gs1;2 AMs themselves are somewhat defective due to disrupted AM initiation, in addition to the finding that the gs1;2 mutation affects the production of CKs that drive outgrowth of dormant tillers. Experiments involving decapitation of the apex (Domagalska and Leyser 2011, Müller et al. 2015 ) might help elucidate this possibility. However, since internode elongation of rice is suppressed during the vegetative stages (Hoshikawa 1989) , decapitation experiments are difficult at these stages (Arite et al. 2007) , the point at which the ammonium-fed gs1;2 mutant showed a decrease in axillary bud outgrowth and tiller number (Supplementary Fig.  S1 ; Ohashi et al. 2015b) .
Recent phylogenetic analyses of the plant GS1 family revealed a root-specific GS1 (GSr) group in Poaceae species, which includes rice GS1;2, wheat GSr_1 and GSr_2, maize Gln1-1 and Gln1-5, and barley GS1_2 (Swarbreck et al. 2011 , Thomsen et al. 2014 . It has also been suggested that, as with rice GS1;2 (Funayama et al. 2013) , barley GS1_2 might be important for primary ammonium assimilation in the roots (Goodall et al. 2013) . It is therefore worth examining barley GS1_2 to determine whether it contributes to CK biosynthesis and tillering.
Assimilate availability and hormone signaling networks are thought to control co-operatively whether axillary buds generate tillers or become dormant (Hoshikawa 1989 , Domagalska and Leyser 2011 , Evers et al. 2011 . In Arabidopsis, which has a preference for nitrate as the nitrogen source, AtIPT3 is the key regulator of nitrate-responsive modulation of CK activity (Takei et al. 2004) . A recent study using the Arabidopsis ipt3,5,7 mutant and type-A RR arr3,4,5,6,7,15 mutant suggested that under high nitrogen (nitrate) availability, CK acts to overcome auxin-mediated bud inhibition, allowing buds to escape apical dominance (Müller et al. 2015) . Here, we identified a novel role for GS1;2 in CK biosynthesis that is dependent upon glutamine or a related metabolite during rice tiller development. These findings increase our understanding of the molecular mechanisms underlying the link between nitrogen availability and CK during tillering, and will help improve crop production via optimization of active tiller numbers under economical nitrogen fertilization.
Materials and Methods

Plant materials and growth conditions
The rice (O. sativa L.) cultivar 'Nipponbare' as the wild type, the homozygous gs1;2 knockout mutant line and the gs1;2/OsGS1;2 complementation line with expression of OsGS1;2 cDNA driven by its own promoter (Funayama et al. 2013) were used in this study. Seeds were selected with salt solution (d = 1.13) and imbibed in water followed by germination for 2 d at 30 C in the dark. Seedlings were grown hydroponically until the fourth-, fifth-or seventhleaf stage in a greenhouse under natural sunlight with supplemental light illumination at 26 C with a day/night period of 13/11 h as described previously (Ohashi et al. 2015b ). The hydroponic culture solution was as described by Kamachi et al. (1991) , except that it contained 1 mM NH 4 Cl as the sole nitrogen source and was renewed once per week. To analyze axillary bud elongation in response to various concentrations of ammonium, culture solution containing 0.1, 0.25 or 1 mM NH 4 Cl was used. The lengths of axillary buds of the first primary tiller located at the axil of the second leaf on the main stem were measured at the fifth-leaf stage. Longitudinal sections (5 mm) of basal portions of the shoots including the axillary buds, internodes and a SAM were prepared by removing leaves, roots and the seed as described previously (Ohashi et al. 2015b) . Basal portions of the shoots from rice seedlings at the fourth-leaf stage were used to determine contents of amino acids and ammonium, in situ hybridization and qPCR analysis. To determine contents of phytohormones, basal portions of the shoots, shoots and roots were harvested separately from seedlings at the fifth-leaf stage. To assess the effect of glutamine application on the gs1;2 mutant, mutant and wild-type seedlings were grown in the presence of either 0.5 mM glutamine or 1 mM NH 4 Cl as the sole nitrogen source. Basal portions of the shoots from seedlings at the fourth-leaf stage were used for qPCR analysis of OsIPT4 expression. The lengths of axillary buds of the first primary tiller as well as shoots were measured at the fifth-leaf stage. To determine the effect of CK application on the gs1;2 mutant, mutant and wild-type seedlings at the third-leaf stage were transferred into culture solution either with or without 10 nM iP, iPR, tZ, tZR and BAP, respectively, and grown until the fifth-leaf stage. After CK treatment, the lengths of axillary buds of the first primary tillers and shoots were measured.
To analyze the short-term effect of supplying roots with ammonium on OsIPT4 expression and glutamine content in basal portions of the shoots, gs1;2 mutant and wild-type seedlings were grown in water for 3 d to deplete nitrogen then treated with or without 1 mM NH 4 Cl. For qPCR and glutamine content analyses, the basal portions of shoots from seventh-leaf stage seedlings after 8 h treatment with or without 1 mM NH 4 Cl and from fourthleaf stage seedlings after 24 h treatment with or without 1 mM NH 4 Cl were used, respectively. For qPCR analysis of the short-term effect of ammonium on root OsIPT4 expression, germinated wild-type seeds were transferred into water at pH 5.5 adjusted with 5 mM MES-NaOH, grown for 18 d to deplete the seed reserve nutrients then grown in fresh water in the presence or absence of 1 mM NH 4 Cl for 8 h.
Gene-specific primers
Gene-specific primers for cDNA cloning and qPCR analysis of OsActin1 and the OsIPT, OsCYP735A and OsRR genes, and for preparing in situ hybridization probes for OsIPT4, OsRR1 and OsRR2 were designed according to the corresponding rice gene nucleotide sequences deposited at RAP-DB (The Rice Annotation Project; http://rapdb.dna.affrc.go.jp/index.html) and RGAP (Rice Genome Annotation Project; http://rice.plantbiology.msu.edu/index. shtml). Gene locus names and primer sequences are shown in Supplementary Table S2. Cloning of cDNA for OsIPT, OsRR, OsCYP735A3 and OsCYP735A4 analysis Molecular cloning was carried out according to our previous studies (Ishiyama et al. 2004 , Ohashi et al. 2015a , Ohashi et al. 2015b . Total RNA was extracted from roots, the basal portions of shoots, leaf sheaths and blades of wild-type rice seedlings using the RNeasy Plant Kit (Qiagen). First-strand cDNA was synthesized by reverse transcription with total RNA as the template using a PrimeScript RT TM reagent Kit with gDNA Eraser (TAKARA BIO INC.). The first-strand cDNA was used as a template to amplify cDNA fragments of the entire coding sequences of OsIPT2, OsIPT4, OsIPT5, OsIPT8, OsCYP735A3 and OsCYP735A4 and partial coding sequences of OsIPT1, OsIPT3, OsIPT7 and OsRR1 through OsRR8 using KOD Fx NEO DNA polymerase (Toyobo) and gene-specific primer pairs (Supplementary Table S2 ). The amplified PCR products were cloned into pCR4-TOPO (Invitrogen) and fully sequenced. qPCR analysis qPCR analysis was performed according to Konishi et al. (2014) . Gene-specific primers for qPCR analysis of the OsIPT, OsRR, OsCYP735A3, OsCYP735A4 and OsActin1 are shown in Supplementary Table S2 . The PCR products were amplified using the first-strand cDNA as a template and quantified using a Light Cycler 480 (Roche Diagnostics) as follows: 10 s at 95 C followed by 50 cycles of 95 C for 5 s and 60 C for 34 s. Expression levels of each transcript were quantitatively determined using each purified cDNA clone as a calibration standard.
Quantification of CKs, auxins, gibberellins, SA, ABA and jasmonic acid Extraction and determination of plant hormones from samples (118-153 mg FW) of the basal portions of shoots, shoots and roots of wild-type, gs1;2 mutant and gs1;2/OsGS1;2 complementation line seedlings was performed using an Ultra-Performance LC Õ (liquid chromatography) tandem mass spectrometer (AQUITY UPLC TM System/XEVO-TQS, Waters) with an octadecylsilyl (ODS) column (AQUITY UPLC HSS T3, 1.8 mm, 2.1 Â 100 mm, Waters) as described previously (Kojima et al. 2009 ).
Microscopic observations and measurement of axillary bud lengths
The basal portions of shoots containing the axillary buds of the first primary tiller at axils of the second leaf on the main stem were prepared by removing leaves, roots and the seed from wild-type and gs1;2 mutant seedlings at the fifth-leaf stage using a razor blade (Ohashi et al. 2015b ). The morphological structure of the axillary buds on basal portions of the shoots were observed using a stereoscopic microscope (Leica MZ125, Leica Microsystems) and photographed using a digital camera (Canon EOS X6i, Canon Inc.). Lengths of axillary buds were measured on enlarged views of the photographs.
In situ hybridization
Longitudinal sections approximately 5 mm in length of the basal portions of shoots prepared from wild-type and gs1;2 mutant seedlings at the fourth-leaf stage were fixed in FAA solution [1.85% (v/v) formaldehyde, 5% (v/v) acetic acid and 63% (v/v) ethanol], dehydrated with a mixture of ethanol and 1-butanol then embedded in paraffin (Sigma) as described previously (Ishiyama et al. 2004 , Ohashi et al. 2015a , Ohashi et al. 2015b ). The embedded sections were cut into thin slices (8 mm in thickness) using a microtome (Yamato Kohki Industrial Co., Ltd.). The 200 bp cDNA fragments corresponding to 3 0 -untranslated regions of OsIPT4, OsRR1 and OsRR2 were amplified by reverse transcription-PCR (RT-PCR) using gene-specific primers (Supplementary Table S2 ) and individually cloned into pCR4-TOPO. Digoxigenin (DIG)-labeled RNA probes in sense or antisense orientations were synthesized using T3 or T7 RNA polymerases (Promega Corporation) with each linearized plasmid DNA as a template using a DIG RNA Labeling Kit (Roche Diagnostics) as described by Ishiyama et al. (2004) . In situ hybridization with DIG-labeled RNA probes followed by immunological detection of hybridization products was performed as described previously (Ishiyama et al. 2004 , Ohashi et al. 2015a , Ohashi et al. 2015b ). Brightfield images were observed using a Leica DMRB light microscope system with a Leica DFC 500 CCD camera and Leica IM50 imaging software (Leica Microsystems).
Determination of glutamine, asparagine and ammonium contents
Free amino acid and ammonium contents in the basal portions of shoots of wild-type, gs1;2 mutant and gs1;2/OsGS1;2 complementation line seedlings at the fourth-leaf stage were determined as described by Konishi et al. (2014) . Derivatization of amino acids and ammonium was carried out using the AccQTag Ultra Derivatization Kit (Waters) then AccQ-Tag-labeled derivatives were separated and quantified using the ACQUITY H-Class UPLC unit with a tunable UV detector (Waters).
Supplementary data
Supplementary data are available at PCP online. 
